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Introduction
Many water resources sampled by the U.S. Geological Survey (USGS) are used as drinking-water sources. Waterquality conditions in these assessments historically have been evaluated, where appropriate, by comparing measured contaminant concentrations to drinking-water standards or guidelines. Federal drinking-water standards and guidelines have not been established for about half of the organic contaminants most routinely analyzed in water by the USGS (Toccalino and others, 2005) . Thus, in May 2001, interagency consensus was reached on a methodology for developing Health-Based Screening Level (HBSL) values for unregulated contaminants (sidebar 1) to be used as benchmarks for interpreting water-quality data in a human-health context (Toccalino and others, 2003) . HBSLs supplement established Federal drinking-water standards and guidelines, thereby providing a basis for a more comprehensive evaluation of contaminant-occurrence data in the context of human health (Toccalino and others, 2005) .
Sidebar 1. Health-Based Screening Levels (HBSLs)
HBSLs are benchmark concentrations of contaminants in water that, if exceeded, may be of potential concern for human health. HBSLs are non-enforceable benchmarks that were developed by the USGS in collaboration with the USEPA and others using: (1) USEPA methodologies for establishing drinking-water guidelines, and (2) the most recent, USEPA peerreviewed, publicly available human-health toxicity information (Toccalino and others, 2003; Toccalino and others, 2006b ). The USGS and its cooperators continue to refine the HBSL methodology.
HBSLs are based on health effects alone and do not consider cost or technical limitations. For carcinogens, the HBSL range represents the contaminant concentration in drinking water that corresponds to an excess estimated lifetime cancer risk of 1 chance in 1 million to 1 chance in 10 thousand. For noncarcinogens, the HBSL represents the maximum contaminant concentration in drinking water that is not expected to cause any adverse effects over a lifetime of exposure. HBSL calculations adopt USEPA assumptions for establishing drinkingwater guidelines, specifically, lifetime ingestion of 2 liters of water per day by a 70-kilogram adult. For noncarcinogens, it also typically is assumed that 20 percent of the total contaminant exposure comes from drinking-water sources and that 80 percent comes from other sources (for example, food and air).
Since 2003, revisions have been made to the HBSL methodology for unregulated contaminants in order to reflect updates to relevant USEPA policies, and this report summarizes these revisions. These revisions resulted from meetings between the USGS and the USEPA OW in August and September 2005 and continuing discussions with USEPA OW throughout the remainder of 2005. These meetings and discussions took place as part of the review process for USGS Circular 1292 (Zogorski and others, 2006) , in which the USGS National Water-Quality Assessment (NAWQA) Program completed a national assessment of volatile organic compounds (VOCs) in ground water. HBSLs were used in Circular 1292 in a screening-level assessment to provide an initial nationalscale perspective on the potential significance of unregulated VOC concentrations to human health. HBSLs used in Circular 1292 and provided on the HBSL website (Toccalino and others, 2006a) were calculated using the methodology presented in this report.
The purpose of this report is to summarize the revisions to the HBSL methodology for unregulated contaminants and to update guidance on the use of HBSLs for interpreting water-quality data in the context of human health.
Revisions to the HBSL Methodology
HBSLs for unregulated contaminants are calculated using standard USEPA OW equations for establishing drinkingwater guideline values (Lifetime Health Advisory (Lifetime HA) and Cancer Risk Concentration values) for the protection of human health; this general approach has not changed since the original HBSL methodology was published (Toccalino and others, 2003) .
The revisions to the HBSL methodology presented in this report reflect updates to USEPA cancer classifications, relationships between the equations used to calculate HBSLs and USEPA cancer classifications, changes to the hierarchy of toxicity information sources used to calculate HBSLs, and a departure from defaulting to Lifetime HA values as HBSLs for contaminants with certain cancer classifications. Additionally, this report outlines conditions under which exceptions to the HBSL methodology are made.
Updates to USEPA Cancer Classifications
Cancer classifications from the 1986, 1996, 1999, and 2005 USEPA guidelines for cancer risk assessment are considered in the development of HBSLs (U.S. Environmental Protection Agency, 1986 Agency, , 1996 Agency, , 1999 Agency, , and 2005 
Equations Used to Calculate HBSLs
Three USEPA OW equations are used to calculate HBSLs for unregulated contaminants as determined by the USEPA cancer classification for each chemical. These three equations have not changed since the publication of the original HBSL methodology (Toccalino and others, 2003) , although the definitions for some terms used in the equations have been clarified. The USEPA's assumptions for establishing drinkingwater guidelines-lifetime ingestion of 2 liters (L) of water per day by a 70-kilogram adult (sidebar 1)-are adopted in each equation.
For carcinogens, the OW equation for calculating Cancer Risk Concentration values is used to calculate an HBSL range. The HBSL range represents a contaminant concentration range in drinking water corresponding to an excess estimated lifetime cancer risk of 1 chance in 1 million (10 -6 ) to 1 chance in ten thousand (10 -4 ) (eq. 1). HBSL concentration ranges for carcinogens were developed to be consistent with USEPA procedures and to acknowledge the uncertainty of the estimates. For carcinogens in drinking water, the USEPA considers risk levels of 10 -6 (and for some compounds, risk levels as high as 10 -4 ) to be protective of human health, provided these levels also are protective of noncancer adverse effects (U.S. Environmental Protection Agency, 1988 (Toccalino and others, 2003; Toccalino and others, 2004; Toccalino and others, 2005 For possible (Group C) carcinogens or contaminants with suggestive evidence of carcinogenic potential, HBSLs are calculated using the OW equation for calculating Lifetime HA values for Group C carcinogens (eq. 2). Equation 2 is the same as that presented in the original HBSL methodology report (Toccalino and others, 2003) 
Sidebar . Cancer Slope Factors and Reference Doses
Two types of toxicity values are used in the calculation of Health-Based Screening Levels (HBSLs). The toxicity value for carcinogens is the oral cancer Slope Factor (SF or Q1*) and the toxicity value for noncarcinogens and possible carcinogens is the oral Reference Dose (RfD).
An oral SF is an upper bound, approximating a 95% confidence limit, on the increased cancer risk from a lifetime exposure to a contaminant. This estimate is generally reserved for use in the low-dose region of the dose-response relationship. If the model selected for extrapolation from dose-response data is the linearized multistage model, the SF value is also known as the Q1* (carcinogenic potency factor) value (U.S. Environmental Protection Agency, 1989a and 1993) . Units for SF are (mg/kg/day)
An oral RfD is an estimate (with uncertainty spanning perhaps an order of magnitude) of a daily oral exposure to the human population (including sensitive subgroups) that is likely to be without an appreciable risk of deleterious effects during a lifetime (U.S. Environmental Protection Agency, 2006a). Units for RfD are mg/kg/day. 
Development and Application of Health-Based Screening Levels for Use in Water-Quality Assessments
The relationships between USEPA WOE cancer classifications and the corresponding OW equations used to calculate HBSLs are shown in Tables 1 and 2. Because HBSLs are calculated using USEPA cancer classifications, USEPA toxicity data, and standard OW equations for establishing drinking-water guideline values (eqs. 1-3), HBSLs are equivalent to existing USEPA Cancer Risk Concentration and Lifetime HA values (when they exist), except for compounds for which more recent toxicity information has become available. HBSLs are rounded to one significant figure, which is consistent with USEPA OW policy.
The 
Changes to Hierarchy of Toxicity Information Sources
In the original HBSL methodology (Toccalino and others, 2003) , a hierarchy of USEPA sources of cancer classifications and toxicity data (cancer slope factors and reference doses, sidebar 2) was used in the development of HBSLs. Cancer classifications and toxicity data from the USEPA Integrated Risk Information System (IRIS) database had the highest priority, followed by the most recent information from the USEPA OW and the Office of Pesticide Programs (OPP). Cancer classifications and toxicity data from the USEPA Health Effects Assessment Summary Tables (HEAST) were assigned a lower priority and were used only in the absence of information from IRIS, OW, and OPP.
The USEPA and USGS participants in the AugustSeptember 2005 discussions agreed that the hierarchy of toxicity information used in HBSL development should change because the availability of toxicity information published by the USEPA has changed since the original HBSL methodology was published. Specifically, as part of the pesticide registration review program, the OPP periodically reevaluates toxicity information for pesticides. Updates to toxicity information for pesticides historically were published in the IRIS database and in OPP documents, but are now published in separate OPP risk assessment documents and reregistration eligibility decision documents (and typically not in the IRIS database) (A. Mills, IRIS Program Director, written commun., December 27, 2005) . The discontinuation of pesticide toxicity information updates to the IRIS database affects the hierarchy of sources of toxicity information used in the development of HBSLs.
The hierarchy of toxicity information used in HBSL development also was changed to represent the current "state of the science" in the United States. The USEPA and USGS participants in the August-September 2005 discussions determined that "acceptable" toxicity information for developing HBSLs should meet four criteria: (1) United States information (limited to USEPA data); (2) internally (e.g., USEPA) or externally peer reviewed; (3) publicly available (so anyone has access to the information); and (4) most recently available.
The hierarchy of sources of cancer classifications and toxicity data to use in the development of HBSLs was changed to the most recent of five USEPA sources (table 3) . Use of this hierarchy has the advantage of providing a mechanism for the timely incorporation of updated toxicity information in the interpretation of water-quality data. HEAST values are no longer used to derive HBSLs because these values are older, not necessarily peer reviewed, and are not readily available to the public.
Departure from Defaulting to Lifetime Health Advisories
In the original HBSL methodology, HBSLs for possible (Group C) carcinogens, contaminants with suggestive evidence of carcinogenic potential, and noncarcinogens defaulted to USEPA Lifetime HA values, when available (Toccalino and others, 2003) . The revised HBSL methodology will no longer default to using Lifetime HA values. Instead, HBSLs are now derived using Equation 2 for possible carcinogens and contaminants with suggestive evidence of carcinogenicity, Equation 3 for noncarcinogens, and the most recent toxicity information as noted in Table 3 . This revision to the HBSL methodology ensures that HBSLs are consistently based on the most recently available toxicity information.
Exceptions to the HBSL Methodology
When an HBSL differs from an existing USEPA Lifetime HA value and the reason for the difference is not apparent (for example, the same OW toxicity value and equation are used for the HBSL and Lifetime HA), the USGS will consult with the USEPA OW to identify the reason for the discrepancy. The USEPA OW may have technical or policy reasons for modifying the equations for calculating Lifetime HA values for some compounds (J. Donohue, OW, Office of Science and Technology, written commun., January 20, 2006) such as:
Noncarcinogens for which the RSC is different from the USEPA default value of 20 percent.
Possible (Group C) carcinogens or contaminants with suggestive evidence of carcinogenic potential for which the RMF is different from the USEPA default value of 10. USEPA policy allows for RMF values to range from 1 to 10.
Compounds for which different rounding procedures were used. OW has calculated Lifetime HA values using RfD values that were rounded to one significant figure for some compounds and not rounded to one significant figure for other compounds. HBSLs are calculated using the most recent, USEPA peer-reviewed, publicly available toxicity values, as published, regardless of the number of significant figures. The HBSL is based on OW toxicity data (that is, OW has the most recently published toxicity information).
OW has established an RSC or RMF for a compound that differs from the default values of 20% and 10, respectively, regardless of whether the HBSL is derived using OW, OPP, or IRIS toxicity data. OW is the only USEPA office with policies on the development and use of RSC and RMF values.
The rationale for any exceptions to the HBSL methodology will be captured on the HBSL website (Toccalino and others, 2006a). 
1.

2.
Guidance on the Use of Benchmarks in Screening-Level Assessments
In screening-level water-quality assessments, estimates of potential contaminant exposure (concentrations or concentration statistics determined from measurements of contaminants in ground water or surface water) are compared to water-quality benchmarks derived for the protection of human health. Screening-level assessments provide an initial perspective on the potential significance of detected contaminants to human health and help prioritize further investigations (Toccalino and others, 2006b) . They also provide a perspective on where adverse effects are more likely to occur and what contaminants may be responsible for those effects (Gilliom and others, 2006) . Screening-level assessments are not designed to evaluate specific effects of contaminants on human health, and are not a substitute for comprehensive risk assessments, which generally include many additional factors, including multiple avenues of exposure (Toccalino and others, 2006b) .
Initial guidance on the use of benchmarks for evaluating water-quality data in the context of human health was provided in a state-scale pilot study (Toccalino and others, 2004) . This report updates that guidance, which also is periodically updated on the HBSL website (Toccalino and others, 2006a) .
Selection of Benchmarks
In screening-level assessments, contaminant concentrations or concentration statistics for regulated contaminantsthose with USEPA Maximum Contaminant Levels (MCLs) (sidebar 3)-are compared to their MCLs as benchmarks, and concentrations of unregulated contaminants-those without USEPA MCLs-are compared to their HBSLs as benchmarks, when available (Toccalino and others, 2003) . For local and state-scale water-quality assessments, concentrations of contaminants that are regulated by the USEPA and (or) the state in which the assessment takes place, are compared to USEPA and state drinking-water standards (Toccalino and others, 2003) . State MCLs, when they exist, are equal to, or more stringent than, USEPA MCLs.
Sidebar . Maximum Contaminant Levels (MCLs)
MCLs are legally enforceable USEPA drinking-water standards that set the maximum permissible level of a contaminant in water that is delivered to any user of a public water system. MCLs are set as close as feasible to the maximum level of a contaminant at which no known or anticipated adverse effects on human health would occur over a lifetime, taking into account the best available technology, treatment techniques, cost considerations, expert judgment, and public comments (U.S. Environmental Protection Agency, 2006e). (Toccalino and others, 2006a) .
Comparison of Contaminant Concentrations to Benchmarks
HBSLs, as well as most MCLs, are maximum contaminant concentrations that are not expected to cause adverse health effects over a lifetime of exposure to drinking water (sidebars 1 and 3). Therefore, contaminant concentrations or concentration statistics indicative of long-term exposure are most appropriate to compare to MCLs or HBSLs in most applications. In ground water, contaminant concentrations tend to change slowly over time, and therefore it is appropriate for the purpose of screening-level assessments to compare ground-water contaminant concentrations measured in individual well samples to MCLs or HBSLs. Examples of groundwater assessments for which the frequency distribution of contaminant concentrations was compared to MCLs or HBSLs are provided in various USGS reports (see figures 4 and 5 in Toccalino and others (2004) and appendix 7 in Zogorski and others (2006) ). Such analyses indicate the proportion of detections that are greater than, or within a certain fraction of, MCLs or HBSLs, and also may present the number of samples collected and detection frequencies for each contaminant.
In contrast to concentrations in ground water, surfacewater contaminant concentrations generally change substantially over time and have strong seasonal patterns. For screening-level assessments of surface water, annual or long-term mean (average) concentrations (determined from multiple samples over a period of time and time-weighted) generally are most appropriate for comparison to MCLs or HBSLs because mean concentrations provide a more reliable indication of long-term exposure than concentrations from individual samples. If surface-water data are insufficient for the calculation of a reliable mean concentration, then comparison of contaminant concentrations from individual samples to MCLs or HBSLs can be a useful first step if caution is exercised (see the section "Evaluation of the Potential Significance of Contaminant Occurrence to Human Health"). Chapter 6 of NAWQA's national assessment of pesticides in streams and ground water (Gilliom and others, 2006) provides examples of surface-water assessments where annual mean concentrations of pesticides are compared to water-quality benchmarks for human health.
When evaluating the potential significance of contaminant occurrence data to human health, the analytical minimum reporting level for each contaminant should be less than its MCL or HBSL. This ensures that the laboratory methodologies are adequate to detect concentrations relevant to human health. If the minimum reporting level for a contaminant is greater than its MCL or HBSL, then (a) the contaminant may be present at a concentration greater than a benchmark but not be detected (U.S. Environmental Protection Agency, 1989b), and (b) there is greater uncertainty in evaluating the contaminant concentration or concentration statistic in the context of human health (Toccalino and others, 2004) .
Benchmark Quotient (BQ) values can be calculated to aid in evaluating water-quality data in the context of human health. BQ values are ratios of the contaminant concentrations or concentration statistics to their respective MCLs (for regulated contaminants) or HBSLs (for unregulated contaminants). For unregulated carcinogens, BQ values are first calculated using the low end of the HBSL range, which corresponds to a 10 -6 cancer risk. If a BQ value for a carcinogen is greater than 1 using the low end of the HBSL range, then a BQ value using the high end of the HBSL range, which corresponds to a 10 -4 cancer risk, also is calculated. BQ values are rounded to one significant figure (Toccalino and others, 2004) . Figures 6, 7 , and 8 in Toccalino and others (2004) show examples of how distributions of BQ values can be graphed to interpret water-quality findings for a state-scale ground-water assessment.
Evaluation of the Potential Significance of Contaminant Occurrence to Human Health
Benchmark Quotients are useful in screening-level assessments for determining the potential significance of contaminant occurrence in water to human health (table 4) . A BQ value greater than 1 signifies a contaminant concentration of potential human-health concern if the computed BQ value is indicative of a long-term average concentration and if the water were to be ingested, without treatment, over a lifetime as the primary drinking-water source (Toccalino and others, 2006b ). The likelihood for adverse effects generally increases as a contaminant concentration increases above its benchmark (and its BQ value increases above 1) (Gilliom and others, 2006) . Contaminants with concentrations or concentration statistics of the greatest potential human-health concern typically are those that both have BQ values greater than 1 and are frequently detected. Drinking-water standards (MCLs) are not violated, however, if concentrations of regulated contaminants are greater than MCLs (BQ values are greater than 1) in ground-water or surface-water samples, because samples collected by the USGS are not collected for compliance with the Safe Drinking Water Act (Toccalino and others, 2006b) .
Ingestion of water containing a contaminant with a BQ value less than 1 is unlikely to result in adverse human-health effects resulting from that contaminant alone (table 4) (Toccalino and others, 2006b ). For surface-water assessments, in particular, if only one or a few samples are available and data are insufficient to calculate a reliable mean concentration, BQ values less than 1 do not lead to a definitive screeninglevel conclusion because the probability is low that a small number of samples would include high contaminant concentrations that occur infrequently.
A BQ value greater than or equal to 0.1 can be used to identify compounds that may warrant additional monitoring (table 4) (Toccalino and others, 2006b) . Although a variety of BQ values may be selected as threshold values to identify contaminants that may warrant further monitoring, a threshold BQ of 0.1 is consistent with various state and Federal practices (for example, see U.S. Environmental Protection Agency, 1998). Regular monitoring of such contaminants would enable analysis of trends in their occurrence and provide an early indication of contaminant concentrations that approach MCLs or HBSLs (Toccalino and others, 2006b) . Table . Interpretation of Benchmark Quotients in relation to potential human-health significance and implications for water-quality monitoring.
[Benchmark quotient: The ratio of a contaminant concentration or an appropriate concentration statistic indicative of long-term exposure to its MCL or HBSL. Abbreviations: ≤, less than or equal to; >, greater than; MCL, Maximum Contaminant Level; HBSL, Health-Based Screening Level; ≥, greater than or equal to] Benchmark Quotient for a contaminant in water
Interpretation
≤1
Adverse effects are unlikely to be caused by this contaminant alone, even if water with such a concentration were to be ingested over a lifetime.
>1
The contaminant concentration is of potential human-health concern if water with such a concentration were to be ingested without treatment over a lifetime. Adverse human-health effects will not necessarily be caused by this contaminant because MCLs and HBSLs are conservative (protective); they incorporate safety factors to account for uncertainty in toxicity information. Additionally, water may be treated or blended, potentially reducing contaminant concentrations.
≥0.1
Contaminant may warrant additional monitoring to analyze trends in its occurrence and to provide an early indication of a contaminant concentration that approaches its benchmark.
Interpretation of the potential significance of contaminant occurrence to human health also should consider the type of water sampled. For example, ground water from domestic wells, which typically is used by a single family, often is consumed with little or no treatment. Ground water from public-supply wells and surface water from water-supply intakes usually is treated or blended before distribution and (or) consumption, potentially reducing contaminant concentrations, but often is used by many people. Ground-water data from monitoring wells are not directly relevant to human health because this water is not consumed, but contamination in monitoring wells can indicate the potential for future contamination in deeper aquifers used for drinking-water supplies (Toccalino and others, 2004) . Likewise, surface-water samples that are not collected at water-supply intakes are not directly applicable to drinking-water supplies. Results from such surface-water samples, however, can be used to provide a perspective on the potential significance to human health for source water with similar watershed land uses (Gilliom and others, 2006) , or if the sampled water body is considered a potential future source of drinking water.
If information about the potential health effects associated with specific contaminants in drinking-water supplies is needed for a particular water-quality assessment, such information may be obtained from sources such as the USEPA and the Agency for Toxic Substances and Disease Registry (ATSDR). The ATSDR is a Federal public-health agency of the U. 
Limitations of Screening-Level Assessments
Screening-level assessments are a useful first step toward evaluating contaminant occurrence in the context of human health, but such assessments have limitations. For example, MCLs and HBSLs generally are developed using toxicity information for single contaminants, whereas it is common to detect contaminant mixtures in ground water and surface water. The long-term cumulative effects of low concentrations of multiple contaminants on human health currently are unknown for most contaminant combinations. An additional limitation is that HBSLs have not been developed for some unregulated contaminants because of a lack of toxicity information; the potential human-health significance of the occurrence of contaminants without benchmarks cannot, therefore, be evaluated at this time (Toccalino and others, 2006b) . It is, however, useful to identify those unregulated contaminants that most frequently occur in a given assessment, but do not have HBSLs. As improved data on toxicity and environmental concentrations are developed, HBSLs and exposure estimates can be updated, and screening-level assessments can be improved and expanded. The USGS works closely with the USEPA to assist them with incorporating water-quality findings into their risk assessments (Gilliom and others, 2006) .
Examples of HBSL Applications
Several published studies have used HBSLs to help provide an initial perspective on the potential human-health significance of contaminant concentrations in water. These studies also provide examples of analyses and language applied to the use of HBSLs and MCLs as water-quality benchmarks:
National assessment of VOCs in ground water (Zogorski and others, 2006) and a corresponding Fact Sheet about what those findings may mean to human health (Toccalino and others, 2006b ).
National assessment of pesticides in streams and ground water (Gilliom and others, 2006) . This assessment did not use HBSLs, but it contains examples of the application of MCL, Lifetime HA, and Cancer Risk Concentration values as water-quality benchmarks in the context of human health.
State-scale analyses of the occurrence of anthropogenic organic compounds in ground water and finished water of community water systems in Nevada (Rosen and others, 2006) and the northern Tampa Bay area in Florida (Metz and others, 2006) . Fact Sheet providing background on the HBSL effort (Toccalino and others, 2005) .
State-scale analyses that applied HBSLs to groundwater quality data in New Jersey Toccalino and others, 2004) . Both of these documents use HBSLs calculated using the original methodology, and not the revised HBSL methodology described in this report.
Original HBSL methodology and history of the HBSL effort (Toccalino and others, 2003) . 
